Background: Tuberculosis (TB) indicators in South Africa currently remain well below global targets. In 2008, the National Tuberculosis Program (NTP) implemented a community mobilization program in all nine provinces to trace TB patients that had missed a treatment or clinic visit. Implementation sites were selected by TB program managers and teams liaised with health facilities to identify patients for tracing activities. The objective of this analysis was to assess the impact of the TB Tracer Project on treatment outcomes among TB patients. 
Background
Tuberculosis (TB) is a leading cause of morbidity and mortality worldwide, infecting an estimated 9.4 million persons and causing death in 1.7 million persons annually [1] . The World Health Organization (WHO) ranks South Africa as having the third highest TB incidence rate among the top 22 high-burden TB countries, with an estimated 405,982 persons diagnosed with TB each year (incidence rate 971/100,000) [1] .
Patient default from treatment is one of the most important problems in TB control [2, 3] . In 1996, the South Africa National Tuberculosis Program (NTP) adopted the Directly Observed Treatment Short-Course (DOTS) strategy nationwide for the treatment of TB patients. While the NTP has implemented several strategies over the past decade to improve access to treatment and support treatment compliance among TB patients, at 76% the treatment success rate remains well below WHO targets of 85% cured or completing treatment necessary to mitigate the spread of TB [1, [4] [5] [6] .
Default from TB treatment poses a serious health risk to TB-infected individuals and to the community. The number of TB patients who default from TB treatment in South Africa, defined as missing at least 2 consecutive months of treatment [6] , remains high ranging from 5.9 -14.7% [1, 4] . TB treatment defaulters, especially those who are smear positive, propagate ongoing community transmission and promote the development and acquisition of drug-resistant TB strains resulting in a higher number of TB cases [3, 7, 8] . Previous studies have shown that over one-third of patients who default from treatment are culture-positive for TB and therefore infectious at the time of default [3, 7] . Additionally, research in India found that patients who defaulted from treatment had a standardized mortality ratio of 14.3 versus 2.0 in patients who completed treatment [9] .
Research has shown that TB patient tracing activities are an effective method to significantly reduce TB treatment default [8, 10, 11] . However, there is little research documenting the effect of tracing on TB treatment outcomes [11] . In 2008, the South Africa NTP initiated a national project (hereafter referred to as the TB Tracer Project) aiming to decrease default rates and improve patient outcomes through community mobilization. The aim of this study is to evaluate the impact of the TB Tracer Project on TB treatment outcomes in South Africa.
Methods

TB Tracer Project design
The TB Tracer Project was implemented from January 2008 to May 2009 in all nine provinces of South Africa. Two to four districts in each province deemed as high priority by the South African NTP with the highest rates of TB treatment default in 2006 were selected for inclusion [12] . Each district then selected four to six Figure 1 Overview of the TB Tracer Project implementation and study population of TB patients registered in the ETR included for analysis (n = 405,673). The South African National TB Program selected 2 to 4 districts from each of the 9 provinces of South Africa for inclusion in the TB Tracer Project. The selected districts were those with the highest rates of treatment default in 2006. The districts then selected four to six subdistricts to carry out the project with at least one tracer team assigned to each selected subdistrict.
subdistricts to carry out the project. Each subdistrict was assigned at least one dedicated TB tracer team comprised of one registered nurse, two community health care workers, and one data capturer. Teams of health care workers were employed at health facilities (i.e. hospitals, clinics, and community health centers) to trace TB patients who had interrupted treatment or had missed a clinic appointment to obtain a sputum sample is the national TB surveillance database used in South Africa. *Treatment success was defined as having a registered treatment outcome of either 'Cured' or 'Completed' in the ETR (n = 300,495; Tracer n = 129,018; Non-Tracer n = 171,477). {Patients registered in the National ETR database with missing treatment outcome data (n = 18,275; Tracer n = 10,292; Non-Tracer n = 7,983) were considered as missing and were excluded from this analysis.
Percentages total to greater than 100% due to rounding of percentage values. to evaluate their smear status for TB. Since the project was implemented as a programmatic intervention, tracer team activities, mechanisms of tracing, modes of transportation, and health facility placement varied by subdistrict. Over the course of the project there were 21 districts selected for inclusion with 63 tracer subdistricts with 72 project-designated tracer teams that participated during the project period and 147 non-tracer subdistricts; there were 30 districts that were not selected for inclusion in the project (Figure 1 ).
Study design
This retrospective study was conducted using routinely collected data from the South African national database for TB surveillance, the Electronic TB Registry (ETR). Aggregate TB patient data is recorded quarterly in the ETR at the subdistrict level; therefore, the subdistrict level was used as the unit of analysis and time was measured quarterly in this study. The study population included all smear positive TB patients registered with final treatment outcomes recorded in the National ETR from 
Definitions and outcomes
ETR data from Q1 through Q4 2007 was included in the analysis to provide information on treatment outcomes prior to the implementation of the TB Tracer Project (Q1 2008 through Q1 2009) and to allow for the analysis of the change in trend of TB treatment outcomes over time. Tracer subdistricts were considered as those where at least one health facility included TB team tracing activities in addition to standard NTP patient services, whereas non-tracer subdistricts provided only standard NTP patient services.
The proportion of patients with treatment outcomes registered in the National ETR as cured, completed, defaulted, failed, and died were each evaluated separately as the primary impact indicators for comparing patients from tracer and non-tracer subdistricts. Completion and cure treatment outcomes were combined to define a successful treatment outcome as an additional primary impact indicator for comparison with all other treatment outcomes (default, failed, and died). Patients registered in the National ETR with missing treatment outcome data were excluded from this analysis.
Statistical analysis
Descriptive statistics were used to summarize characteristics of the population of TB patients registered in the ETR for the time period evaluated (Q1 2007 through Q1 2009). Longitudinal analysis was utilized to evaluate changes in each TB treatment outcome between tracer and non-tracer subdistricts over time (using PROC GLIMMIX in SAS). Each outcome of interest (default, success, cured, completed, failed, and died) was evaluated separately, using the log of the proportion of each outcome at each time point. Proportions were calculated by using the counts of patients recorded in the ETR with a given outcome as the numerator divided by the total number of patients in the ETR with a final treatment outcome recorded. The percent quarterly change over time for each TB treatment outcome was computed for each the tracer and non-tracer subdistricts for all smear positive cases and for all smear positive cases in each province.
Mixed linear regression models were used with a random intercept that specified the province variable as a random cluster effect to account for spatial correlation of TB treatment outcomes within provinces of South Africa. The tracer indicator (tracer vs. non-tracer subdistricts) and time variable (continuous variable measured quarterly) were held as fixed effects in the model and the tracer*time interaction term was included to assess the effect of the tracer teams over time. Province stratified analyses were conducted for the two primary outcomes of interest, default and treatment success, using the same model parameters with the exception of province clusters. The p-value for significance of the tracer status by time interaction term is reported to assess change in the linear trend of each treatment outcome comparing tracer versus non-tracer subdistricts over time. Statistical significance was considered at a pvalue<0.05. All analyses were conducted using SAS version 9.3 (SAS Institute Inc., Cary, NC, USA).
Ethical considerations
This evaluation was approved by the Institutional Review Boards of the U.S. and South African Centers for Disease Control and Prevention and the South African Medical Research Council. Information was derived from existing electronic data systems that are part of routine monitoring and evaluation of the NTP. No patients were contacted as part of this analysis, and the data abstraction did not involve individual patient charts or information.
Results
Study population characteristics
From Q1 2007 to Q1 2009, there were 405,673 smear positive TB patients registered in the National ETR with treatment outcomes recorded (18,275 TB patients missing treatment outcome data were excluded from this analysis). Of these patients, 45% (181,283) received TB health services in subdistricts where TB tracer teams were operating (Table 1) . New patients accounted for 75% (303,846) of TB patients in the ETR database during the project period. The greatest proportion of TB patients were from Kwazulu-Natal (85,634; 21%), Eastern Cape (72,371; 18%), and Western Cape (73,874; 18%) Percent quarterly change for all treatment outcomes: all smear positive TB patients For all smear positive TB patients, a significant decrease in the percent quarterly change in default treatment outcomes of −0.031% was observed in tracer subdistricts (p < 0.001) compared to a decrease of only −0.002% in non-tracer subdistricts (p = 0.85) ( Table 2) . Additionally, a significant increase in the percent quarterly change in successfully treatment outcomes was observed in tracer subdistricts (tracer = 0.003%, p = 0.03; non-tracer = 0.002%, p = 0.16). The percent quarterly change in cured treatment outcomes increased significantly in the tracer and non-tracer subdistricts (tracer = 0.007%, p < 0.01; non-tracer = 0.010%, p < 0.001); by contrast, there was a significant decrease in completion treatment outcomes in both groups (tracer = −0.029%, p < 0.01; non-tracer = −0.059%, p < 0.001). 73.1%) compared to the non-tracer subdistricts (76.4% to 77.2%), but this change was not significant over time (interaction p = 0.49). Meanwhile, the proportion of treatment completion decreased significantly from 12.7% to 9.4% in tracer subdistricts versus 10.1% to 6.9% in non-tracer subdistricts (interaction p = 0.02). Further, a small but significant increase in the proportion of treatment failure was observed in the tracer subdistricts (2.1% to 2.2%) versus non-tracer subdistricts (2.4% to 2.2%) (interaction p = 0.02).
Analysis of trends in treatment outcomes
Analysis of treatment default: all smear positive TB patients stratified by province
Province stratified models for default treatment outcomes among all TB cases demonstrated inconsistent results across the nine provinces. The tracer subdistricts in four of nine provinces displayed a significant decrease in the percent quarterly change in patient default; the non-tracer subdistricts in three different provinces and in one of the same provinces (KwaZulu-Natal) also revealed a significant decline (Table 3) . However, the interaction of the tracer teams over time demonstrated a significant decrease in the proportion of patient defaultin five provinces for tracer versus non-tracer subdistricts ( Figure 3 ). The proportion of patient default among tracer subdistricts decreased significantly in Eastern Cape (10% to 9%), Limpopo (14.5% to 12.1%), Mpumalanga (10% to 5%), Northern Cape (13% to 4%), and Northwest (17% to 10%) Provinces. Conversely, the nontracer subdistricts from the same provinces showed an increase in the proportion of default treatment outcomes during the analysis time period.
Analysis of treatment success: all smear positive TB patients stratified by province
The stratified analysis exposed similar discrepancies in the results of the tracer teams on successful treatment outcomes. A significant increase in the percent quarterly change of successful treatment outcomes occurred in two of nine provinces for tracer subdistricts and in one province for non-tracer subdistricts (Table 4) . When examining the change in treatment success over time in tracer versus non-tracer subdistricts, only Eastern Cape Province displayed results that approached significance (interaction p = 0.05) (Figure 4) . Nonetheless, the proportion of treatment successincreased from Q1 2007 to Q1 2009 among tracer subdistricts in Eastern Cape (73% to 75%), Gauteng (76% to 79%), Limpopo (59% to 67%), Mpumalanga (70% to 81%), Northern Cape (77% to 86%), and Northwest (68% to 73%) Provinces. Additionally, among the non-tracer subdistrictsin Eastern Cape, the success rate declined from 83% to 80% and in Northwest Province from 78% to 74%. Meanwhile, Free State Province demonstrated a decrease in treatment success among the tracer subdistricts while treatment success increased in non-tracer subdistricts (interaction p = 0.19). Kwazulu-Natal Province displayed a similar decrease in treatment success in both the tracer and nontracer subdistricts.
Discussion
This analysis documents the impact of a national program to trace TB patients who interrupted treatment or missed a clinic visit in South Africa. The overall percent quarterly change for all smear positive TB patients in South Africa from Q1 2007 through the end of the TB Tracer Project in Q1 2009 showed a significant decrease in default treatment outcomes and a significant increase in successful treatment outcomes among tracer subdistricts. Changes over time were significantly different between tracer and non-tracer subdistricts for treatment outcomes of default, completed, and failed. Specifically, the decreasing trend in the proportion of patients who defaulted over time was significantly greater among tracer subdistricts than non-tracer subdistricts. The proportion of patients who completed treatment also had a declining trend over the time period for each the tracer and non-tracer subdistricts; however, the slope was significantly less among the tracer subdistricts than the non-tracer subdistricts. These findings demonstrate a significant temporal association between TB tracer teams and TB treatment outcomes. Our findings are supported by a study conducted in Kenya at clinics operated by Médeicins Sans Frontières (MSF) which demonstrated that the implementation of an active defaulter tracing system for HIV, prevention of mother-to-child transmission, and TB patients resulted in a decrease in TB patients lost to follow up [11] . Furthermore, the MSF tracing system documented a high resumption of appointments by patients and was able to establish a treatment outcome for almost 85% of patients who missed an appointment [11] .
In our study, we found that the impact of the TB Tracer Project varied by province. The inconsistency in the results observed between the provinces could be attributable to a variety of factors not assessed in this analysis: differential patient and tracer subdistrict sample sizes between provinces, variability in reporting and recording of TB treatment outcomes, as well as differences in TB burden, HIV prevalence, infrastructure, socioeconomic structure and geography. Previous research has cited the relationship between the health provider and patient and the pattern of health care delivery to be significantly associated with patient default [3, 7, [13] [14] [15] [16] [17] [18] . The differences in results between provinces may also be due to geographic migration patterns; a study of multidrug resistant TB in South Africa found that being born outside of South Africa and changing residence during treatment were both significantly associated with default from treatment [15] . Additionally, variations in staffing and in the number of tracer teams operating per health facility and per subdistrict may have affected the efficacy of the TB Tracer Project. While this analysis did not assess these qualitative issues, a parallel study is underway to determine whether the differences in impact of the TB tracer teams may be attributable to some of these factors.
The present study was unique as few other treatment default and adherence studies have been able to assess the issue both nationally and within specific country regions. However, this study is not without limitations. This was an ecological study using a non-randomized selection of tracer and non-tracer subdistricts where in inclusion in the project was based upon one of the outcomes of interest, thereby allowing for differences in case load and for possible bias in our results. The evaluation of the TB Tracer Project was requested and conducted after the completion of the project design and implementation. Many data elements necessary for an epidemiologic evaluation of the impact of this intervention were not available for analysis, including patient level information, details of tracer teams' duties and actions, and tracer team coverage of subdistricts and/or health facilities. However, by using national programmatic data from the ETR we were able to account for baseline trajectories in modeling with national standardized surveillance data. The subdistrict was utilized as the unit of analysis for this study because it was not possible to reliably account for and categorize the tracer status for all individual health facilities. However, the level of misclassification is likely similar in both groups and therefore would not introduce a systematic bias in the data aggregated at the subdistrict level. This nondirectional misclassification would have biased toward a null result of finding no difference in the outcome between tracer and non-tracer sites. Nonetheless, the differences in the proportions of TB treatment outcomes between tracer and non-tracer subdistricts both prior to and during the TB Tracer Project were inherent in the study design [12] . However, by modeling the proportion of TB treatment outcomes rather than patient counts with a large national sample, we aimed to minimize the effect of this selection bias. This analysis was restricted to smear positive TB patients registered in the ETR with a treatment outcome recorded and therefore the results may not be representative of all TB patients who defaulted from treatment. However, we were able to capture the majority of patients in the ETR cohorts from Q1 2007 to Q1 2009. The aggregate ETR data available for this analysis limited our ability to produce a quantifiable point estimate to evaluate the effect of the tracer teams on TB treatment outcomes. Yet the data allowed us to examine the impact of the tracer teams over more than a two year period for the entire country of South Africa. Furthermore, the ability to perform a province stratified analysis to assess the effect of the intervention within each South African province allows for a deeper understanding of the underlying processes at work within the NTP in South Africa and allows for greater programmatic improvements.
The programmatic implications of patient tracing extend beyond the focus of this study. The improvements achieved in patient default observed during the TB Tracer Project were statistically significant; however, the current study did not observe a significant difference between tracer and non-tracer subdistricts for overall treatment success. It is likely that other programmatic interventions (i.e., DOTS, effective medication, adequate healthcare staffing, etc.) are necessary to extend beyond decreasing treatment default and to achieve an increase in treatment success. A multi-pronged approach is essential to reach global TB treatment targets, one component of which may be tracing patients to improve adherence in addition to other TB control strategies. While this study focused on default in smear positive TB patients, we did not have information regarding the HIV status of the patients counted in the ETR nor did we have data for smear negative TB patients. Research has found that patients undergoing HIV and TB treatment are more likely to interrupt treatment and the implications of TB treatment default for an HIV positive patient are of particular concern in a high-burden HIV setting [3, 15] . We chose not to focus on MDR TB patients in this study; however, the repercussions of treatment default for MDR TB patients must be considered when evaluating the importance of a TB tracing program [15] .
Conclusion
In conclusion, this study provides important data on the efficacy of using patient tracers to improve TB outcomes in South Africa. Our results demonstrate that community mobilization of teams designated to trace TB patients may be an effective strategy to mitigate TB default rates and improve TB treatment outcomes. A parallel study by Bristow et al. is underway to assess knowledge, attitudes, challenges, and best practices regarding TB tracing activities and to elucidate discrepancies across provinces in South Africa. These results will shape future research to implement a full scale TB tracing program with ongoing monitoring and evaluation. With the synergy of the TB, MDR TB, and HIV epidemics in South Africa, the need to increase treatment success and to decrease default is paramount.
